The giant magnetocaloric effect of Gd 5 Si 1.95 Ge 2.05 enhanced by Sn doping J. Appl. Phys. 100, 073904 (2006) We present a novel semiconducting alloy, silicon-tin (SiSn), as channel material for complementary metal oxide semiconductor (CMOS) circuit applications. The material has been studied theoretically using first principles analysis as well as experimentally by fabricating MOSFETs. Our study suggests that the alloy offers interesting possibilities in the realm of silicon band gap tuning. We have explored diffusion of tin (Sn) into the industry's most widely used substrate, silicon (100), as it is the most cost effective, scalable and CMOS compatible way of obtaining SiSn. Our theoretical model predicts a higher mobility for p-channel SiSn MOSFETs, due to a lower effective mass of the holes, which has been experimentally validated using the fabricated MOSFETs. We report an increase of 13.6% in the average field effect hole mobility for SiSn devices compared to silicon control devices. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
There has been a growing interest in non-silicon semiconductors as potential replacement for silicon based electronics for sustained continuation of Moore's Law. These developments are underway since scaling alone cannot achieve this goal. In particular, short channel effects and high static power consumption due to increased gate leakage hamper scaling efforts.
1 These challenges can be mitigated by novel channel materials with better charge transport properties.
2 Prominent among the alternative channel materials being studied are graphene and other single atomic layer materials, 3-5 III-V semiconductors, [6] [7] [8] oxide semiconductors, 9 and carbon nanotubes. 10 Even in case of novel channel materials, a silicon wafer is still used as the starting substrate because of ease of processing and low cost. However, integration of alternative channel materials onto the silicon platform for CMOS fabrication is challenging.
To overcome this challenge, group IVa alloys, which are similar in structure and properties to silicon, are being studied as channel materials. These are alloys of the elements in the group IVa of the periodic table-carbon (C), silicon (Si), germanium (Ge), tin (Sn), and lead (Pb). Their similar lattice structure and properties can make their integration onto a silicon wafer possible. The band structure and semiconducting nature of group IV alloys such as SiGe, SiSn and GeSn have been studied in the past by theoretical analyses of the conduction band and valence band for various compositions. [11] [12] [13] Several works have been dedicated to the fabrication of MOSFETs SiGe and GeSn. [14] [15] [16] [17] [18] In these studies, the semiconducting alloy was grown by either gas phase epitaxy or molecular beam epitaxy, which increases the cost of production significantly.
In this work, we have studied SiSn as a potential channel material using theoretical analysis as well as by fabrication and characterization of MOSFET devices. In our previous works, we have reported SiSn MugFETs obtained using SOI as a starting substrate, 19 the behavior of SiSn Metal Oxide Semiconductor Capacitors (MOSCAPs), 20 and the potential application of SiSn MOSFETs for low power circuits. 21 In this work, we obtain the SiSn channel material using a low cost process of diffusion of Sn atoms into bulk silicon (100) wafers. We have calculated the change in the effective mass of holes as a result of Sn incorporation into silicon lattice, and the experimental field effect mobility for SiSn transistors.
II. THEORETICAL ANALYSIS
The possible effect of having tin (Sn) at certain silicon lattice positions was first analyzed using first principles study of the alloy. To obtain the band gap correctly, we used the Tran-Blaha modified Becke-Johnson exchange potential, which is computationally economical and avoids atom dependent parameters. 22, 23 We started with supercells of various sizes to obtain Sn concentration of 1.5%, 3% and 6%. The results show a continuous decrease in the band gap of the alloy with increase in Sn concentration (Table I ). In order to analyze the impact of the change in electronic band structures on channel conductance, we calculated the effective mass of holes at the edge of the valence band. The effective mass of the holes was obtained from the curvature of each band at extreme C point.
The change in effective masses of the holes with concentration of Sn in the alloy is shown in Figure 1 . The change in band gap for an alloy can be predicted using the Vegard's law. 24 We used the value of band gap for 1.5% Sn concentration to obtain the bowing parameter for Vegard's law. We have reported the bowing parameter to be 0.852 eV in our previous work. 19 This result was used to calculate the band gap for 3% and 6% concentrations using Vegard's law, and it was found that the calculated values closely agreed with the simulation results (Table I ). In general, the value of the bowing parameter can vary with composition. To counter this effect and obtain a better fit for the value of the bowing parameter and band gaps subsequently calculated, we determined the bowing parameter for all values of Sn concentrations. We report the calculated values to be 0.852 eV, 0.866 eV, and 0.894 eV for 1.5%, 3%, and 6% Sn concentration, respectively. Hence, the average bowing parameter is 0.87 6 0.02 eV.
III. MOSFET FABRICATION
It was observed that the effective mass of the light holes is lower for the strained lattice of SiSn. Hence, an improvement in the hole mobility was expected for SiSn channel MOSFETs. 25 For experimental verification of the theory, we fabricated p-channel MOSFETs using SiSn as channel material, for which it was essential to obtain good quality mono-crystalline SiSn. We used the thermal diffusion of Sn into the silicon lattice to obtain crystalline SiSn, employing 4 in., n-type, lightly doped (11-20 XÁcm) silicon (100) substrate as the starting point for obtaining device quality SiSn. We cleaned the substrate to remove contaminations and native oxides using piranha solution (1:1:3 H 2 SO 4 :H 2 O 2 :H 2 O at 120 C) for 10 min and buffered oxide etchant (BOE) for 10 min, respectively. We then deposited a nano-scale layer of Sn (2-3 nm) using argon plasma based sputtering (NEXDEP 120, 5mTorr pressure). The substrate was annealed at 750 C for 20 min in argon ambient (100 sccm) to facilitate the diffusion of Sn atoms into the top layer of the substrate, which was gradually brought to room temperature to minimize the stress. Excess Sn was removed from the wafer surface using chemical baths.
The SiSn layer so obtained was analyzed for crystalline quality and Sn content. The Sn content was determined using secondary ion mass spectroscopy (SIMS) (Figure 2(a) ), showing Sn incorporation at the substrate surface. Further, the crystalline quality of the SiSn alloy was verified using a cross-section transmission electron microscopy (TEM) close to the surface. It was seen that even after the diffusion of Sn, the silicon lattice was defect-free (Figure 2(b) ). Further, we observed the root mean square (RMS) surface roughness of the sample, after Sn diffusion, to be 3.4 Å , which was close to the roughness of the original prime grade silicon wafer. Thus, the diffusion of Sn did not cause cracking or grain formation on the substrate surface. However, diffusion leads to a non-uniform concentration of Sn in the silicon lattice. This non-uniformity creates a gradient in electrical properties such as mobility and effective mass. However, in case of MOSFETs, the inversion layer and the channel are very close to the semiconductor surface ($2 nm depth). The electrical properties of this part of the lattice determine the performance of the transistor. Therefore, we consider the surface concentration of Sn in the theoretical calculations.
For MOSFET fabrication, we deposited a 400 nm thick silicon oxide film, as field oxide, using plasma enhanced chemical vapor deposition (PECVD) and then patterned and etched the oxide film using reactive ion etching (RIE) to expose the active area. We formed the gate stack by depositing 20 nm Al 2 O 3 using plasma assisted atomic layer deposition (ALD), followed by a 200 nm layer of heavily doped polycrystalline silicon using PECVD (2-3 mXÁcm). We formed vertical spacers to protect the gate stack from the implantation step by depositing 100 nm SiN x using PECVD, followed by an anisotropic etch using RIE. The source and drain were implanted with boron (BF 2 , 10 keV, 5E15 cm À2 ) to obtain a heavily doped p-type region. We annealed the wafers at 950 C for 30 s in argon ambient for dopant activation. For formation of ohmic contacts, we salicided the source, drain, and gate regions by depositing 50 nm nickel using argon plasma based sputtering followed by annealing the substrate in inert ambient at 450 C for 30 s. The annealing leads to the formation of nickel silicide and creates an ohmic contact between the contact metal and the heavily doped semiconductor. The unconsumed nickel was removed using a bath of piranha solution for 5 min. We then deposited aluminum as contact metal for probing the devices. Aluminum thin film (200 nm) was sputtered on the wafer using argon plasma, followed by photoresist spinning and pattering. The aluminum layer was subsequently etched using RIE for metal contact formation. The final devices were sintered at 400 C for 5 min to remove the oxide charges. Figure 3 shows the process flow followed for device fabrication.
IV. RESULTS AND DISCUSSION
The MOSFET devices were probed for characterization using Cascade Microsystems MA150 probe station. The electrical characterization was done using a Kiethley 4200SCS semiconductor parameter analyzer. To obtain the transfer characteristics of the devices, the source was grounded (V S ¼ 0 V), while the gate voltage (V G ) was swept from þ5 V to À5 V. For saturation mode of operation, the drain voltage was held at À5 V (V DS ¼ V DD ). The transfer characteristics, in saturation mode, for a representative SiSn and silicon pMOSFET are shown in Figure 4 (a).
Since improvement in mobility was expected from the theoretical analysis, we calculated the field effect mobility of SiSn MOSFETs. The field effect mobility is obtained from the transfer characteristics of a device in linear mode of operation. The drain voltage was held at À50 mV (V DS ¼ V DD / 100) to obtain the linear mode transfer characteristics. In general, the drain current of a MOSFET is a combination of the drift current and the diffusion current
where L and W are the length and width of the transistor channel, Q n is the mobile charge density in the channel, l is the channel mobility, k is the Bolztmann's constant, T is the temperature, q is the electronic charge, and x is the distance from the source to the drain. For low channel fields (V ds ¼ À50 mV), the channel charge density is mostly uniform from source to drain
and hence, the diffusion component of the current can be dropped. Further, the charge density in the channel can be approximated as the inversion charge, which is the surface charge that forms due to a strongly negative gate bias that attracts the minority carriers (holes). This inversion charge layer is formed for gate voltages that exceed a certain voltage called the threshold voltage (V t ). This is the voltage at which the transistor is said to have switched, and is obtained by extrapolating the linear part of the transfer characteristics up to the gate voltage axis. In case of inversion mode, the gate acts as a capacitance with the gate oxide as the dielectric and the difference between the threshold voltage and the applied gate voltage (called the gate overdrive), as the voltage between the plates. Hence, the surface charge density is given by
where C ox is the gate oxide capacitance per unit area. With these assumptions, Eq. (1) is solved for mobility to obtain
The field effect mobility with respect to the applied gate overdrive is shown in Figure 4 (b). It is observed that the mobility drops significantly for V GS ¼ V t . This is mainly because-as the gate voltage is reduced-the channel charge density reduces, making the ionized impurity scattering and the Coulomb scattering from oxide trapped charges significant. With the increase in gate voltage, the increase in inversion charge screens these scattering mechanisms and phonon scattering dominates, which increases the mobility. However, with further increase in gate voltage, the mobility starts to decrease again due to high phonon scattering. It was observed that the decrease in mobility after the peak value is higher for SiSn compared to silicon. This can be attributed to the fact that phonon scattering is larger in the SiSn lattice due to the presence of large Sn atoms. The value of effective mobility is taken at the peak of the mobility variation with gate voltage. Figure 5 shows the statistical distribution of the field effect hole mobility for all the characterized devices. We report the average field effect hole mobility for SiSn to be (75 6 9) cm 2 /VÁs compared to (66 6 9) cm 2 /VÁs for silicon devices. Hence, we have an increase of 13.6% in the average field effect mobility of the SiSn devices compared to the silicon control. In practice, this increase in mobility can partly be due to the straining of the silicon lattice. Strain engineering in silicon is generally done using epitaxially grown SiC and SiGe in the source and drain regions. 27, 28 Hence, diffusing Sn into silicon can also offer a unique way to strain the silicon channel directly without changing its semiconducting properties.
Therefore, the SiSn MOSFETs were found to have better hole mobility with compared to silicon counterparts. Further, as we reported in our previous work, the off current was found to be lower for SiSn MOSFETs. 21 The lower effective mass of the holes in SiSn predicted an improvement in mobility. This result has been experimentally verified by fabrication and characterization of MOSFETs, marking a significant advancement in the field of semiconductor electronics, since the performance of silicon p-channel MOSFET has always been lower than that of n-channel MOSFETs, due to the lower hole mobility. 29 Our work provides an opportunity to increase the mobility of the silicon lattice using a simple diffusion process. Further, implantation of Sn can also be considered as a viable option for obtaining SiSn. 30, 31 Thus, higher mobility SiSn p-channel MOSFETs can be seamlessly integrated in the current CMOS baseline by introducing one additional module.
V. CONCLUSION
We present a low-cost process to improve the performance of silicon based logic gates using high performance p-channel SiSn MOSFETs. Standard CMOS fabrication processes have been followed in manufacturing of the SiSn devices, starting from Sn diffusion into silicon (100). Thus, these devices are fully compatible with the current CMOS technology. We obtained a higher average field effect hole mobility and steeper sub-threshold slope for the devices. The off current was also found to be lower than silicon devices. Hence, the incorporation of SiSn devices into CMOS circuits can yield faster circuits that consume lower power. FIG. 5 . Statistical distribution of field effect mobility for all SiSn and silicon devices. There is an improvement of 13.6% in field effect hole mobility after incorporation of Sn in the silicon lattice.
